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Abstract
The medieval Black Death (c. 1347-1351) was one of the most devastating epidemics in human history. It killed tens of
millions of Europeans, and recent analyses have shown that the disease targeted elderly adults and individuals who had
been previously exposed to physiological stressors. Following the epidemic, there were improvements in standards of
living, particularly in dietary quality for all socioeconomic strata. This study investigates whether the combination of the
selective mortality of the Black Death and post-epidemic improvements in standards of living had detectable effects on
survival and mortality in London. Samples are drawn from several pre- and post-Black Death London cemeteries. The pre-
Black Death sample comes from the Guildhall Yard (n = 75) and St. Nicholas Shambles (n = 246) cemeteries, which date to
the 11th–12th centuries, and from two phases within the St. Mary Spital cemetery, which date to between 1120-1300
(n = 143). The St. Mary Graces cemetery (n = 133) was in use from 1350–1538 and thus represents post-epidemic
demographic conditions. By applying Kaplan-Meier analysis and the Gompertz hazard model to transition analysis age
estimates, and controlling for changes in birth rates, this study examines differences in survivorship and mortality risk
between the pre- and post-Black Death populations of London. The results indicate that there are significant differences in
survival and mortality risk, but not birth rates, between the two time periods, which suggest improvements in health
following the Black Death, despite repeated outbreaks of plague in the centuries after the Black Death.
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Introduction
The Black Death was one of the most devastating epidemics in
human history. It was the first outbreak of medieval plague in
Europe, and it killed tens of millions of people, an estimated 30–50
percent of the European population, between 1347–1351 [1–3].
This massive, extremely rapid depopulation event initiated or
enhanced social, demographic, and economic changes throughout
Europe, and thus has attracted the interest of a variety of
researchers for decades [2,4,5]. Previous bioarchaeological
research, using individuals buried in the East Smithfield Black
Death cemetery from London, examined the selectivity of Black
Death mortality, i.e. whether the medieval epidemic targeted
particular individuals or whether, as is often assumed given its very
high mortality levels, it killed indiscriminately. The results of this
research indicated that people varied in their risks of dying during
the Black Death [6–8]. In particular, older adults appear to have
been more likely to die during the epidemic than their younger
peers. Analysis of skeletal markers of physiological stress (short
adult stature, enamel hypoplasia, tibial periosteal lesions, cribra
orbitalia and porotic hyperostosis), which have been shown under
conditions of normal, non-epidemic medieval morality to be
associated with elevated risks of mortality [8,9], revealed that
people of all ages (not just the elderly) who were already in poor
health (i.e. those who had been exposed to physiological stressors
and had developed skeletal stress markers as a result) before the
Black Death subsequently faced higher risks of death during the
epidemic than their healthier peers. Thus, despite its incredibly
high levels of mortality, the Black Death was, like most normal
causes of death, a selective killer.
Given that the mortality associated with the Black Death was
extraordinarily high and selective, the medieval epidemic might
have powerfully shaped patterns of health and demography in the
surviving population, producing a post-Black Death population
that differed in many significant ways, at least over the short term,
from the population that existed just before the epidemic. By
targeting frail people of all ages, and killing them by the hundreds
of thousands within an extremely short period of time, the Black
Death might have represented a strong force of natural selection
and removed the weakest individuals on a very broad scale within
Europe. In particular, given that reproductive-aged individuals
with relatively high frailty (i.e. an individual’s risk of death relative
to other members of the population [10]) were more likely to die
during the Black Death than their age-peers with lower frailty, the
epidemic might have affected genetic variation with respect to
disease susceptibility or immune competence and thus, acted to
reduce average levels of frailty in the surviving population. This
might explain why, according to historical documents, medieval
plague mortality declined steeply between the initial outbreak in
1347–1351 and the second outbreak in 1361 and why mortality
levels remained lower in subsequent plague outbreaks throughout
the medieval and early modern periods [11–13]. Perhaps people
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who survived the Black Death and their descendants were
generally less frail and less likely to die from a variety of causes
(including plague) compared to the pre-epidemic population
because of heightened immune responses or reduced disease
susceptibility, i.e. traits that were selectively favored during the
epidemic. If this was the case, it is possible that the Black Death
had positive (though perhaps short-lived) effects on population-
level patterns of health and survival.
Observed decreases in mortality levels during medieval plague
epidemics after the Black Death might reflect molecular changes in
the pathogen responsible for the epidemic, and subsequent plague
outbreaks, that rendered it less virulent rather than reflecting
changes in health and susceptibility within the human host
population. Recent molecular analyses of bone and tooth samples
of people who died during the Black Death have yielded DNA
from the causative pathogen of the medieval epidemic, Yersinia
pestis (which continues to affect human populations today by
causing bubonic plague) [14–19]. By comparing the genome of
ancient Y. pestis to that of modern strains of the bacterium, such
molecular investigations have the potential to reveal the genetic
determinants of epidemiological changes in the disease over time.
However, a recently published draft genome of 14th-century Y.
pestis did not reveal any unique derived positions in the ancient
strain compared to a modern reference strain in regions of the
genome associated with virulence [16]. Further analyses of
medieval Y. pestis may yet reveal functionally significant differences
between historic and modern plague. However, given that
pathogen virulence is the result of host-pathogen interaction and
not simply a characteristic of the pathogen itself, the current lack
of evidence of such genetic differences might mean that factors
other than, or in addition to, evolution of the pathogen itself were
at play in the changing epidemiology of plague [20,21].
In addition to its potential as a selective agent operating upon
intrinsic biological factors, the Black Death might also have shaped
population patterns by severely altering exogenous factors that
affected health and demography. Historical documents from the
post-Black Death period indicated that standards of living
improved after the epidemic, at least in some areas of Europe
such as England. These changes in standards of living resulted in
large part from the massive depopulation caused by the Black
Death, which reversed the pre-epidemic conditions of an excess
population relative to resources [22]. After the Black Death, there
was a severe shortage of laborers, effectively ending the medieval
system of serfdom, and consequently wages improved dramatically
while prices for food, goods, and housing fell [23]. These changes
represented a major redistribution of wealth. Real wages rose to
levels that were not exceeded until the 19th century, which allowed
for improvements in housing and diet for people of all social status
levels [1,24–28]. In England, for example, grain prices dropped
steeply after 1375 and generally remained low for almost a century
and a half thereafter [29]. Though it took several years for real
wages to rise in England in the aftermath of the Black Death (in
fact, they may have actually dropped in the period immediately
after the epidemic), by the late 14th century real wages had risen
sharply to their medieval peak [30]. By the late 15th century, real
wages were at least three times higher than they had been at the
beginning of the 14th century [29]. The shortage of labor
presented new freedoms to workers and placed new pressures on
employers. Given that the number of workers was not only smaller
than had existed before the Black Death, but that they had new
opportunities for mobility and alternative employment if they
found existing conditions unsatisfactory, employers increased not
only wages but also payments in kind, such as extra food and
clothing, to attract workers [23].
Improvements in diet after the Black Death, and particularly
decreases in social inequities in diet that presumably benefitted the
majority of the lower status population of England, might have
acted to reduce average levels of frailty in the population, perhaps
more than any other factor associated with improvements in
standards of living. Changes in diet can lead to changes in health
because nutritional status strongly influences immune competence
[31]. Following the Black Death, the amount of money spent per
capita on food increased, and people ate higher quantities of
relatively high-quality wheat bread, meat, and fish, much of which
was consumed fresh rather than salted as had been common prior
to the epidemic [29]. Such changes probably improved the
nutritional quality of the diet [29], and given that the diet of lower
classes became more similar to that of high status individuals, a
greater proportion of the post-Black Death English population was
consuming a nutritious diet than had been true before the
epidemic.
This study examines whether the selective mortality of the Black
Death, combined with consequent rising standards of living after
the epidemic, resulted in a healthier post-epidemic population in
London compared to the pre-Black Death population. Given that
death is the ultimate outcome of poor health, and that life-
expectancy and mortality levels are commonly used indicators of
the general health of living populations, this study examines the
temporal changes, from the pre- to the post-Black Death periods
(1000–1300 vs. 1350–1538), in survival and the hazard of mortality
(as proxies for health) in London. If people were less frail
(healthier) on average after the Black Death than before epidemic,
a higher proportion of the post-Black Death population should
have survived to older ages compared to the pre-Black Death
population. This study also examines temporal changes in overall
risks of mortality; if the post-Black Death population was healthier,
risks of mortality overall should have declined from the pre- to
post-Black Death periods. Previous studies using historical data
have examined the demographic consequences of the Black Death;
but the results have been mixed, with some finding tentative
evidence of improvements in survival and mortality and others
finding that survival declined in the centuries following the
epidemic [12,32,33]. However, as described in the Discussion,
these studies suffer from limitations that render any conclusions
about population-wide patterns premature; these limitations
include pre-Black Death samples that potentially do not fully
represent typical pre-Black Death demographic patterns and
restriction of analysis primarily to wealthy males.
The bioarchaeological data used in this study allow for
assessment of individuals not typically included in medieval
documentary data (e.g. the poor and women and children).
Though previous modeling work has shown that demographic
perturbations, such as the Black Death, can have effects on age-at-
death distributions that last for several decades [34,35], substantial
effects are relatively short-lived (i.e. up to 50 years). Given the
relatively long time period considered in this study, such potential
effects of temporary perturbations in demographic patterns (e.g. as
a result of severe famine or other crisis mortality events) are likely
not strong enough to affect the conclusions I have drawn in this
paper.
Materials and Methods
2.1 Skeletal Samples
Ethics statement. All skeletal samples for this study come
from medieval London cemeteries and are curated at the Museum
of London Centre for Human Bioarchaeology. Site codes and
context numbers for each individual used in this study are
Post-Black Death Mortality and Survival
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provided in the supporting information, Table S1. There is no
identifying information associated with any of the individuals (i.e.
these cemeteries do not have burial records or coffin plates that
identify the interred by name), and thus this research does not
constitute any risk to living descendants.
Restriction to a single geographic location means that differ-
ences between the pre- and post-Black Death samples can be
attributed to the effects of the Black Death and changes in
standards of living following the epidemic (note, however, that
London was a tremendous draw for migrants in this period; the
possible effects of migration on the results of this study are
addressed in the Discussion).
Pre-Black Death Samples: St. Mary Spital, Guildhall
Yard, and St. Nicholas Shambles. The pre-Black Death
sample comes from three cemeteries, St. Mary Spital, Guildhall
Yard, and St. Nicholas Shambles. Guildhall Yard and St. Nicholas
Shambles date to the 11–12th centuries, based on stratigraphic and
documentary data and artifacts [36]. The main cemetery
associated with the hospital and priory of St. Mary Spital has
been divided into four periods using Bayesian radiocarbon dating:
Period 14 (c. 1120–1200), Period 15 (c. 1200–1250), Period 16 (c.
1250–1400) and Period 17 (c. 1400–1539), and there are both
single and multiple burials in each period [37]. A combined
random sample of 143 individuals was selected from among the
single inhumations (burial type A) from Periods 14 and 15, both of
which are believed to predate the use of the cemetery for infirmary
burials [37]. This study uses a combined sample of 464 individuals
from these three cemeteries; this sample represents all of the
individuals in the St. Nicholas Shambles and Guildhall Yard
cemeteries that were preserved well enough to provide data on age
using the methods described below, as well as the random sample
from St. Mary Spital (who were similarly well preserved). The pre-
Black Death sample contains a mixture of lower status individuals,
high status individuals, and members of religious communities and
thus provides an appropriate comparison sample for the post-
Black Death sample from St. Mary Graces [37,38].
Post-Black Death Sample: St. Mary Graces. The post-
Black Death sample comes from the cemetery associated with the
Cistercian Abbey of St. Mary Graces, which was established in
London in 1350, soon after the Black Death ended, and it was in
use until the Reformation in 1538 [39,40]. Burials in St. Mary
Graces include both high and low status individuals and monks
[41]. This study uses a sample of 133 individuals from St. Mary
Graces who were preserved well enough to provide data on age
using the methods described below.
2.2 Age Estimation
To avoid the problems associated with traditional methods of
age estimate, such as age mimicry and poor estimates for older
adults [42,43], ages for this study were estimated using the method
of transition analysis described by Boldsen et al. [44]. Transition
analysis avoids the biases associated with traditional methods of
age estimation and provides point estimates of age even for older
adults rather than the broad terminal adult age category (e.g. 50+)
typical of traditional methods. This latter feature is particularly
useful in the current context, as point estimates for older adults
allows for the estimation of important trends that may have
occurred at the latest adult ages.
In transition analysis, data from a known-age reference
collection are used to obtain the conditional probability, Pr(cj|a),
that a skeleton will exhibit a particular age indicator stage or suite
of age indicator stages given the individual’s known age. This
conditional probability is combined, using Bayes’ theorem, with a
prior distribution of ages at death to determine the posterior
probability that a skeleton in the cemetery sample died at a certain
age given that it displays particular age indicator stages. In
transition analysis, the prior distribution of ages at death can either
be an informative prior based on documentary data or a uniform
prior. By combining the conditional probability, Pr(cj|a), from a
known-age reference sample, with a uniform or informed prior
distribution of ages at death, transition analysis avoids imposing
the age distribution of the reference sample on the target sample,
and is thus preferable to traditional methods of age estimation
[44]. For this study, transition analysis was applied to skeletal age
indicators on the pubic symphysis and the iliac auricular surface
and to cranial suture closure as described by Boldsen et al. [44],
and the ADBOU (Anthropological Database, Odense University)
Age Estimation software was used to determine individual ages-at-
death and the standard errors associated with those point
estimates. The ADBOU program uses a conditional probability
estimated from the Smithsonian Institution’s Terry Collection and
an informative prior distribution of ages at death based on data
from 17th-century Danish rural parish records.
Ages for subadult individuals (i.e. those individuals for whom all
epiphyses had not yet fused) were estimated based on epiphyseal
fusion, and dental development and eruption [45–50].
2.3 Kaplan Meier Survival Analysis
The effect of time period (pre-Black Death= 0, post-Black
Death= 1) on survival was assessed using Kaplan-Meier survival
analysis with a log-rank test and using pooled data on age from
both time periods. Analysis was performed using SPSS version 21.
2.4 Hazard Model
The differences in risks of mortality between the pre- and post-
Black Death periods were assessed by pooling the adult data from
all cemeteries to estimate the Gompertz hazard of mortality and
modeling time period (pre-Black Death= 0, post-Black Death= 1)
as a covariate affecting the baseline Gompertz hazard of adult
mortality. Juvenile mortality is not included in the hazard analysis
given the relatively small sample sizes of individuals below the age
of 10. The typical human pattern of juvenile mortality (which can
be modeled using the negative Gompertz component of the Siler
model) starts very high at birth and then declines very rapidly
within the first two years of life, and it is difficult to obtain reliable
estimates of this mortality pattern without large samples of infants
and young children [51-53]. The Gompertz hazard is a
parsimonious two-parameter model of the typical human pattern
of an increasing senescent risk of mortality [51,54]: h(a)~aeba.
The time period covariate effect was modeled using the
proportional hazard specification hi ti Dxihð Þ~h tið Þe xirð Þwhere h(ti)
is the baseline Gompertz hazard, ti is the age of the i
th skeleton in
years, xi is the time period covariate, and r is the parameter
representing the effect of the covariate on the baseline hazard. The
advantage of using a hazard model is that it requires the estimation
of just a few parameters and thus makes efficient use of the
available skeletal data. The model can be applied to relatively
small samples, as it smoothes random variation in mortality data
without imposing any particular age pattern on the data [54].
Parameters were estimated using maximum likelihood analysis
with the program mle [55]. A positive or negative estimate for the
parameter representing the effect of the time period covariate on
the hazard would suggest that those who died in the period
following the Black Death faced increased or decreased risk of
death, respectively, compared to those who died before the
epidemic. The fit of the full model with the time period covariate
compared to a reduced model in which the value of the parameter
Post-Black Death Mortality and Survival
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representing the covariate was set equal to 0 was assessed using a
likelihood ratio test (LRT). The LRT tests the null hypothesis that
time period was not associated with elevated nor decreased risks of
death. The LRT was computed as follows: LRT=22[ln(Lreduced) –
ln(Lfull)], where LRT approximates a x
2 distribution with df=1.
Previous research has shown that maximum likelihood estimates
are increasingly biased with decreasing sample sizes [56,57],
though maximum likelihood estimation can perform satisfactorily
with samples of less than 100 for models with relatively few
parameters, such as the Gompertz model used in this study [58].
However, given that the sample sizes used in this study,
particularly the post-Black Death sample, are not extremely large,
the parameter estimates shown here are useful in so far as they
reveal a general trend, but should not be viewed as completely
unbiased estimates of the true underlying values.
2.5 Fertility Proxy
Given the relatively long period of time across which trends in
survival and mortality are examined, this study controls for
potential changes in fertility. This is necessary because changes in
fertility can alter age-at-death distributions even if age-specific
mortality does not change. In fact, cemetery age-at-death
distributions are more sensitive to fertility than to mortality, i.e.
a change in fertility of a particular magnitude will more
dramatically affect age-at-death distributions than will a change
in mortality of the same magnitude [59–61]. For example, if
fertility increases in a population, more children will be born each
year than the year before, thus increasing the number of children
who die each year, even if age-specific mortality rates remain
constant over time. Assuming those children are buried in the
same cemetery as the rest of the population, the ever-increasing
numbers of young children dying and entering the cemetery will
comprise a growing proportion of the associated cemetery over
time. Cemeteries are used only for limited periods, such that each
birth cohort does not progress completely through the life span
before use of the cemetery ceases and thus each birth cohort does
not contribute equally to each age interval present in the cemetery.
Ultimately, under these circumstances, the resulting cemetery
assemblage from this growing population will contain an excess of
young individuals relative to older individuals. This phenomenon
makes it difficult to infer mortality patterns directly from age-at-
death data from cemetery samples [62].
To control for fertility, this study uses the number of the
individuals above the age of 30 divided by the number of
individuals above the age of 5, i.e. D30+/D5+. Buikstra et al. [63]
found that there is a strong (negative) relationship between D30+/
D5+ and birth rate, and comparison of the 95% comparison
intervals across samples reveals whether birth rates differ
significantly among them.
Results
The pre- and post-Black Death age-at-death distributions, for all
ages, are shown in Figure 1; the two distributions are significantly
different (Kolmogorov-Smirnov p,0.001). In particular, there is a
higher proportion of adults above the age of 50 in the post-Black
Death sample. The Kaplan-Meier survival curves are shown in
Figure 2; the survival functions reveal enhanced survival among
those within the post-Black Death sample compared to the pre-
Black Death sample (Mantel-Cox p,0.001).
The results of the hazard analysis are shown in Table 1. The
estimated value of the parameter representing the effect of time
period of burial is negative, and the results of the likelihood ratio
test indicate that inclusion of the covariate improves the fit of the
model. These results indicate reduced risks of mortality across all
ages after the Black Death compared to the pre-Black Death
population.
The fertility proxies, i.e. the D30+/D5+ values and their 95%
comparison intervals, are shown in Table 2. The the D30+/D5+
value for the post-Black Death sample is higher than that of the
pre-Black Death sample, which might indicate that birth rates
declined following the epidemic. This is consistent with the
modeling results found by Paine [34], which indicated a drop in
crude birth rates for over 50 years following a catastrophic
mortality event. However, as seen in Table 2, the comparison
intervals for the two periods overlap, which indicates a lack of a
significant difference in birth rates between the two periods [63].
Discussion
The age-at-death distributions from the pre- and post-Black
Death samples suggest that survival improved following the Black
Death, as the post-Black Death sample has a higher proportion of
older adults. This is confirmed by the Kaplan-Meier survivorship
analysis, which reveals a higher survivorship function for the post-
Black Death sample. The results of hazard analysis indicate that
overall, risks of mortality were lower in the post-Black Death
population than they were before the epidemic. The D30+/D5+
values indicate that the observed changes in age-at-death
distributions and mortality and survival functions are not an
artifact of changes in birth rates between the pre- and post-Black
Death periods. Together, these results indicate enhanced survival
and improvements in mortality after the Black Death, and by
inference, improved health at least at some ages in the post-Black
Death population.
The results of this study are consistent with those from some
previous studies that focused primarily on documentary evidence.
Russell ([12]: p 465) compared post-Black Death, late 14th-century
age patterns derived from British and Spanish documentary data
(tax records and inquisitions post mortem) to the ‘‘normal
distribution of medieval society by age and sex’’ derived from
skeletal data from 77 medieval burial grounds located primarily in
central eastern Europe. His findings suggested that the ratio of
individuals above the age of 60 relative to those between ages 20–
60 increased after the Black Death in some areas, which would
indicate that survival improved following the epidemic. However,
there are several limitations to his approach. The dating of the
cemeteries included in his study is not clear, but according to
Russell, the pooled cemetery sample is more representative of the
early medieval period, though it does include the later medieval
period. Thus, it appears that he does not have an exclusively pre-
Black Death baseline from the skeletal data for comparison with
the post-Black Death mortality patterns. The skeletal data were
pooled from cemeteries located within a broad geographic region,
and thus potentially do not accurately represent normal pre-Black
Death mortality patterns for any one particular locale. Further, the
geographic areas represented by the skeletal data are mostly
eastern and central Europe, and it is not clear whether England
and Spain (i.e. the areas for which he had documentary data) are
represented at all. This lack of total (or even partial) correspon-
dence in the geographic origin of the skeletal and documentary
datasets raises the possibility that the differences observed by
Russell reflect population differences rather than the effects of the
Black Death. Lastly, both datasets are subject to different but
equally problematic sources of bias. The documentary data is
biased towards adult males; the skeletal ages were estimated using
traditional, biased methods that tend to underestimate older adult
ages and overestimate younger adult ages [42]. Because of these
Post-Black Death Mortality and Survival
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Figure 1. Age-at-death distributions for the pre- and post-Black Death samples.
doi:10.1371/journal.pone.0096513.g001
Figure 2. Kaplan-Meier survivorship functions for the pre- and post-Black Death samples.
doi:10.1371/journal.pone.0096513.g002
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limitations, it is possible that the tentative evidence observed by
Russell does not truly reflect population-wide patterns resulting
from the effects of the Black Death.
To date, the few studies of the demographic effects of the Black
Death that have focused exclusively on historical documentary
evidence have yielded conflicting results. Nightingale [32]
examined records of deaths of creditors (primarily relatively
wealthy men) in England from 1300–1530, and found an apparent
decrease in ‘‘background mortality’’ following the Black Death.
However, these data exclude many members of the population
and they begin very soon before the Black Death during a period
of severe famine, including the Great Famine 1315–1322 and the
resulting Great Bovine Pestilence [64]. Thus, her data might not
reflect true baseline, normal pre-Black Death mortality (i.e. they
are not an ideal baseline for comparison with the longer post-Black
Death period dataset). In contrast to the observed decreases in
mortality among wealthy creditors following the Black Death,
other studies, of monastic inhabitants, have found that mortality
increased for monks in Christ Church Canterbury, Westminster
Abbey, and Durham in the 15th-century [32,33]. The patterns
observed by Nightingale for wealthy male creditors might more
accurately reflect those of the general population than do those of
monastic inhabitants, but the fact remains that documentary
evidence excludes much of the medieval population, thereby
making it difficult to generalize the results of these studies.
This study resolves many of the issues associated with previous
studies based on documentary evidence. The bioarchaeological
data used in this study allow for the assessment of men, women,
and children of various socioeconomic status levels, most of whom
are typically missing from many historical documents, and thus the
results here are more representative of population-wide demo-
graphic patterns. The samples used here are also derived from a
period before the Black Death that better represents normal pre-
epidemic mortality patterns, for comparison with the post-Black
Death data, than the early 14th-century data used by Nightingale
[32]. The large skeletal samples are from one circumscribed area,
thereby reducing the possibility that the observed results reflect
population differences rather than the effects of the epidemic. The
application of unbiased skeletal age estimation methods means
that more nuanced and accurate trends in mortality can be
estimated than was possible with the cemetery data in Russell’s
study [12]. Finally, the use of hazard analysis, which smooths the
random variation in data that is inherent in relatively small sample
sizes without imposing any particular pattern on the data, allows
for evaluation of patterns that are otherwise inaccessible [62]. It
should be emphasized that the results of this study should not be
viewed as convincing simply because they conform to what one
might expect given the evidence available from some historical
documents. The bioarchaeological approach should not be
considered valuable only in terms of filling in the gaps that exist
in historical documents, but rather because it allows us to use data
that reflect the experiences of a wider segment of the population to
test inferences derived from historical sources [65].
The results of this study are particularly striking given that the
Black Death was just the first outbreak of medieval plague, and the
period after the epidemic was characterized by repeated crisis
mortality resulting in particular from repeated outbreaks of plague.
These subsequent outbreaks of medieval plague might have
prevented population recovery following the Black Death [5].
Given that catastrophic plague outbreaks were characteristic of the
post-Black Death period, but not of the pre-Black Death period
considered here, one might reasonably assume that health and
survival declined following the Black Death. In London, during
the latter half of the 14th century, for example, evidence from wills
reveals spikes in mortality associated with plague epidemics in
1361, 1368, 1375, 1382, and 1390 [13]. It should be noted that
these sources ‘‘exclude married women, children, household
servants and apprentices, labourers and paupers’’ ([13]: p 179),
as is true of most medieval sources, so these peaks in mortality
might not reflect patterns within the general population if there
was any variation by age, sex, or social status. Nonetheless, for at
least one segment of the population, the post-Black Death period
was characterized by periodic crisis mortality. However, despite
repeated plague outbreaks, and other episodes of crisis mortality
caused by factors such as famines, the results of this study indicate
that the general population enjoyed a period of at least 200 years
during which mortality and survival overall improved compared to
the pre-Black Death conditions.
The evidence from this study that survival and mortality were
affected in positive ways by the Black Death raise the question of
what was the proximate cause of these changes. Were the
demographic changes a direct result of the selectivity of the
epidemic, i.e. the selecting out of frail individuals such that the
surviving population was less frail because of inherent biological
Table 1. Maximum likelihood estimates (with standard errors) of the Gompertz parameters and the effect of the time period
covariate on mortality (with likelihood ratio test).
Parameter estimate (s.e.) 22LLR
a 0.0096 (0.001)
b 0.034 (0.002)
Time period covariate 20.57 (0.1) 26.8 (p,0.001)
doi:10.1371/journal.pone.0096513.t001
Table 2. D30+/D5+ values and their 95% confidence intervals for the pre- and post-Black Death samples.
D30+/D5+ 95% CI
Pre-Black Death 0.44 0.36–0.51
Post-Black Death 0.54 0.45–0.62
doi:10.1371/journal.pone.0096513.t002
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factors? Or were improvements in diet and other standards of
living more important causal factors in these demographic trends?
These two possibilities are not necessarily mutually exclusive, as
both were ultimately the results of the massive mortality caused by
the Black Death. Nonetheless, the disentanglement of intrinsic
versus extrinsic factors that could have led to changes in survival
and mortality is relevant to an understanding, more generally, of
the effects of disease on human biology and social, political, and
economic conditions. Such a disentanglement, however, requires
further study, such as an analysis of stable isotopes and skeletal
stress markers that are associated with nutritional deficiencies
before and after the Black Death to determine if diet changed in
substantial ways that are discernible from the skeleton. Analysis of
nitrogen isotope values, for example, might reveal whether people
in general consumed substantially more animal protein following
the Black Death than was true before the epidemic [66].
The results of this study also raise questions about the possible
effects of migration, i.e. whether the pre- and post-Black Death
patterns are artifacts of migration into the London after the
epidemic rather than, or in addition to, reflecting the effects of the
Black Death itself. The improvements in mortality and survivor-
ship observed in the post-Black Death sample might indicate that
migration into the city after the epidemic introduced a large
number of healthy people. According to Dyer [29] migration likely
increased after Black Death as an expression of resistance against
restrictions enacted under labor laws in England, such as attempts
to prevent increases in wages after 1349. However, London drew
substantial numbers of migrants from throughout England and
beyond throughout the medieval period, both before and after the
Black Death [67,68]. Famine, in particular, spurred migration
before the Black Death, and London attracted large numbers of
rural residents in search of work and charity [67]. The existence of
migration throughout the medieval period means that both the
pre-Black Death and post-Black Death assemblages likely
contained a mixture of immigrants and native Londoners, so
differences between the two cannot be attributed only to the effects
of migration. Furthermore, the possibility of increased immigra-
tion to London following the Black Death does not explain the
differences in age-at-death distributions observed between the two
time periods, the most striking of which is the higher proportion of
older adults in the post-Black Death sample. The differences in the
age-at-death distributions would reflect the effects of migration
alone only if the majority of migrants were older adults; however,
it is more likely that most migrants were late teens or young adults
[32,69]. Lastly, the Black Death spared few regions within Europe
[70]. Therefore, the selective mortality that operated during the
epidemic would have shaped health and demography throughout
the continent. Migrants into London in the post-Black Death
period would have included survivors of the epidemic and their
descendants (and the health and demographic characteristics
thereof) to the same or similar extent as did the native population
of London. In summary, the existence of migration into London
following the Black Death does not necessarily undermine the
conclusions made here about positive changes in mortality and, by
inference, health following and resulting from the Black Death,
thought it is certainly an important issue worthy of further study.
Conclusions
The results of this study indicate that mortality and survivorship
improved in the generations following the Black Death, and that
the patterns observed are not simply an artifact of temporal
changes in fertility. These results highlight the power that
infectious diseases have to shape population-wide patterns of
health and demography over both the short- and long-term.
Supporting Information
Table S1 Site codes and contexts for all individuals
included in the study. All individuals are curated at the
Museum of London Centre for Human Bioarchaeology.
(DOCX)
Acknowledgments
I am grateful to Jelena Bekvalac and Rebecca Redfern at the Museum of
London Centre for Human Bioarchaeology for providing access to the
skeletal samples used in this study and for generously providing the physical
facilities for this work. I also thank Dr. Eric Jones, Dr. Andrew Noymer,
and three anonymous reviewers for providing comments on this
manuscript.
Author Contributions
Conceived and designed the experiments: SND. Performed the experi-
ments: SND. Analyzed the data: SND. Wrote the paper: SND.
References
1. Poos LR (1991) A rural society after the Black Death: Essex, 1350–1525.
Cambridge: Cambridge University Press.
2. Cohn SK (2002) The Black Death transformed: disease and culture in early
Renaissance Europe. London: Arnold.
3. Wood JW, Ferrell RJ, DeWitte-Avina SN (2003) The temporal dynamics of the
fourteenth-century Black Death: New evidence from English ecclesiastical
records. Human Biology 75: 427–448.
4. Twigg G (1984) The Black Death: a biological reappraisal. London: Batsford
Academic and Educational.
5. Hinde A (2003) England’s population: a history since the domesday survey.
London: Hodder & Arnold.
6. DeWitte S, Hughes-Morey G (2012) Stature and frailty during the Black Death:
the effect of stature on risks of epidemic mortality in London, A.D. 1348-1350.
J Archaeol Sci 39: 1412–1419.
7. DeWitte SN (2010) Age patterns of mortality during the Black Death in London,
A.D. 1349-1350. J Archaeol Sci 37: 3394–3400.
8. DeWitte SN, Wood JW (2008) Selectivity of the Black Death with Respect to
Preexisting Health. Proc Natl Acad Sci U S A 105: 1436–1441.
9. Usher BM (2000) A multistate model of health and mortality for paleodemo-
graphy: Tirup cemetery. PhD Dissertation: Pennsylvania State University, 2000.
10. Vaupel JW, Manton KG, Stallard E (1979) The impact of heterogeneity in
individual frailty on the dynamics of mortality. Demography 16: 439–454.
11. Cohn SK Jr (2008) Epidemiology of the Black Death and successive waves of
plague. Med Hist Suppl 27: 74–100.
12. Russell JC (1966) Effects of Pestilence and Plague, 1315-1385. Comp Stud Soc
Hist 8: 464–473.
13. Ro¨hrkasten J (2001) Trends of Mortality in Late Medieval London. Nottingham
Medieval Studies 45: 172–209.
14. Drancourt M, Aboudharam G, Signoli M, Dutour O, Raoult D (1998)
Detection of 400-year-old Yersinia pestis DNA in human dental pulp: an approach
to the diagnosis of ancient septicemia. Proc Natl Acad Sci U S A 95: 12637–
12640.
15. Raoult D, Aboudharam G, Crubezy E, Larrouy G, Ludes B, et al. (2000)
Molecular identification by "suicide PCR" of Yersinia pestis as the agent of
medieval black death. Proc Natl Acad Sci U S A 97: 12800–12803.
16. Bos K, Schuenemann V, Golding G, Burbano H, Waglechner N, et al. (2011) A
draft genome of Yersinia pestis from victims of the Black Death. Nature 478: 506–
510.
17. Kacki S, Rahalison L, Rajerison M, Ferroglio E, Bianucci R (2011) Black Death
in the rural cemetery of Saint-Laurent-de-la-Cabrerisse Aude-Languedoc,
southern France, 14th century: immunological evidence. J Archaeol Sci 38:
581–587.
18. Ny Tran TN, Raoult D, Drancourt M (2011) Yersinia pestis DNA Sequences in
Late Medieval Skeletal Finds, Bavaria. Emerging Infectious Diseases 17: 955–
957.
19. Schuenemann VJ, Bos K, Dewitte S, Schmedes S, Jamieson J, et al. (2011)
Targeted enrichment of ancient pathogens yielding the pPCP1 plasmid of
Yersinia pestis from victims of the Black Death. Proc Natl Acad Sci U S A 108:
E746–E752.
Post-Black Death Mortality and Survival
PLOS ONE | www.plosone.org 7 May 2014 | Volume 9 | Issue 5 | e96513
20. Casadevall A, Pirofski L (2001) Host-Pathogen Interactions: The Attributes of
Virulence. J Infect Dis 184: 337–344.
21. Andre´ J-B, Hochberg ME (2005) Virulence evolution in emerging infectious
diseases. Evolution 59: 1406–1412.
22. Bridbury AR (1973) The Black Death. Econ Hist Rev 26: 577–592.
23. Bailey M (1996) T. S. Ashton Prize: Joint Winning Essay. Demographic Decline
in Late Medieval England: Some Thoughts on Recent Research. Econ Hist Rev
49: 1–19.
24. Dyer C (2002) Making a living in the middle ages: the people of Britain 850-
1520. New Haven, CT: Yale University Press.
25. Hatcher J (1977) Plague, population, and the English economy, 1348–1530.
London: Macmillan.
26. Rappaport SL (1989) Worlds within worlds: structures of life in sixteenth-century
London. Cambridge: Cambridge University Press.
27. Stone DJ (2006) The consumption of field crops in late medieval England. In:
Woolgar CM, Serjeantson D, Waldron T, editors. Food in medieval England:
diet and nutrition. Oxford Oxford University Press. pp. 11–26.
28. Postan M (1950) Some Economic Evidence of Declining Population in the Later
Middle Ages1. Econ Hist Rev 2: 221–246.
29. Dyer C (2005) An Age of Transition?: Economy and Society in England in the
Later Middle Ages. Oxford: Oxford University Press, UK.
30. Munro JH (2004) Before and after the Black Death: money, prices, and wages in
fourteenth-century England. In: New Approaches to the History of Late
Medieval and Early Modern Europe: Selected Proceedings of Two International
Conferences at The Royal Danish Academy of Sciences and Letters in
Copenhagen, Historisk-filosofiske Meddelser, Vol. 104, (February 2009): pp.
335–364.
31. Scrimshaw NS (2003) Historical concepts of interactions, synergism and
antagonism between nutrition and infection. J Nutr 133: 316S–321S.
32. Nightingale P (2005) Some New Evidence of Crises and Trends of Mortality in
Late Medieval England. Past Present 187: 33–68.
33. Harvey B, Oeppen J (2001) Patterns of Morbidity in Late Medieval England: A
Sample from Westminster Abbey. Econ Hist Rev 54: 215–239.
34. Paine RR (2000) If a population crashes in prehistory, and there is no
paleodemographer there to hear it, does it make a sound? Am J Phys Anthropol
112: 181–190.
35. Weiss KM (1975) Demographic Disturbance and the Use of Life Tables in
Anthropology. Memoirs of the Society for American Archaeology No 30,
Population Studies in Archaeology and Biological Anthropology: A Symposium:
46–56.
36. White WJ (1988) Skeletal Remains from the Cemetery of St Nicholas Shambles,
City of London. London: London and Middlesex Archaeological Society.
37. Connell B, Jones A, Redfern R, Walker D (2012) A bioarchaeological study of
medieval burials on the site of St. Mary Spital. London: Museum of London
Archaeology.
38. Schofield J (1997) Excavations on the site of St. Nicholas Shambles, Newgate
Street, City of London, 1975-9. Transactions of the London and Middlesex
Archaeological Society 48: 77–135.
39. Grainger I, Hawkins D (1988) Excavations at the Royal Mint site 1986–1988.
The London Archaeologist 5: 429–436.
40. Grainger I, Hawkins D, Cowal L, Mikulski R (2008) The Black Death cemetery,
East Smithfield, London. Museum of London Archaeology Service Monograph
43. London: Museum of London Archaeology Service.
41. Grainger I, Phillpotts C (2011) The Cistercian abbey of St Mary Graces, East
Smithfield, London. MoLA Monograph 44. London: Museum of London
Archaeology.
42. Bocquet-Appel JP, Masset C (1982) Farewell to paleodemography. J Hum Evol
11: 321–333.
43. Milner GR, Boldsen JL (2012) Transition analysis: A validation study with
known-age modern American skeletons. Am J Phys Anthropol 148:98–110.
44. Boldsen JL, Milner GR, Konigsberg LW, Wood JW (2002) Transition analysis:
A new method for estimating age from skeletons. In: Hoppa RD, Vaupel JW,
editors. Paleodemography: Age distributions from skeletal samples. Cambridge:
Cambridge University Press. pp. 73–106.
45. Scheuer JL, Musgrave JH, Evans SP (1980) The estimation of late fetal and
perinatal age from limb bone length by linear and logarithmic regression. Ann
Hum Biol 7: 257–265.
46. Scheuer L, Black SM (2000) Developmental juvenile osteology. San Diego, CA:
Academic Press.
47. Gustafson G, Koch G (1974) Age estimation up to 16 years of age based on
dental development. Odontol Revy 25: 297–306.
48. Moorrees CF, Gron AM, Lebret LM, Yen PK, Frohlich FJ (1969) Growth
studies of the dentition: a review. Am J Orthod 55: 600–616.
49. Smith BH (1991) Standards of human tooth formation and dental age
assessment. In: Kelley M, Larsen CS, editors. Advances in Dental Anthropology.
New York: Wiley-Liss. pp. 143–168.
50. Buikstra JE, Ubelaker DH, editors (1994) Standards for data collection from
human skeletal remains: Proceedings of a seminar at the Field Museum of
Natural History (Arkansas Archaeology Research Series 44). Fayetteville, Ark.:
Arkansas Archeological Survey Press.
51. Wood JW, Holman DJ, O’Connor KA, Ferrell RJ (2002) Mortality models for
paleodemography. In: Hoppa RD, Vaupel JW, editors. Paleodemography: Age
distributions from skeletal samples. Cambridge: Cambridge University Press. pp.
129–168.
52. O’Connor KA (1995) The age-pattern of mortality: a micro-analysis of Tipu and
a meta-analysis of twenty-nine paleodemographic samples. PhD Dissertation.
Albany, NY: University at Albany, SUNY.
53. Gage TB (1989) Bio-mathematical approaches to the study of human variation
in mortality. Yearb Phys Anthropol 32: 185–214.
54. Gage TB (1988) Mathematical hazard models of mortality: an alternative to
model life tables. Am J Phys Anthropol 76: 429–441.
55. Holman DJ (2005) mle: A programming language for building likelihood models.
Version 2.1 ed. Seattle, WA.
56. Mueller LD, Nusbaum TJ, Rose MR (1995) The Gompertz equation as a
predictive tool in demography. Exp Gerontol 30: 553–569.
57. Shouman R, Witten M (1995) Survival Estimates and Sample Size: What Can
We Conclude? J Gerontol A Biol Sci Med Sci 50A: B177–B185.
58. El-Sherpieny EA, Ibrahim SA, Bedar R (2013) A new bivariate distribution with
Gompertz marginals. International Journal of Basic and Applied Sciences 2.
Available: http://www.sciencepubco.com/index.php/ijbas/article/view/1289.
Accessed: 2014 February 17.
59. Sattenspiel L, Harpending H (1983) Stable populations and skeletal age. Am
Antiq 48: 489–498.
60. Milner GR, Humpf DA, Harpending HC (1989) Pattern matching of age-at-
death distributions in paleodemographic analysis. Am J Phys Anthropol 80: 49-
58.
61. Paine RR (1989) Model life table fitting by maximum likelihood estimation: A
procedure to reconstruct paleodemographic characteristics from skeletal age
distributions. Am J Phys Anthropol 79: 51–61.
62. Milner GR, Wood JW, Boldsen JL (2008) Paleodemography. In: Katzenberg M,
Saunders S, editors. Biological Anthropology of the Human Skeleton. NY:
Wiley-Liss. pp. 561–600.
63. Buikstra JE, Konigsberg LW, Bullington J (1986) Fertility and the development
of agriculture in the prehistoric Midwest. Am Antiq 51: 528–546.
64. DeWitte SN, Slavin P (2013) Between Famine and Death. Physiological Stress
and Dairy Deficiency in England on the Eve of the Black Death (1315-50): New
Evidence from Paleoepidemiology and Manorial Accounts. J Interdiscip Hist 44:
37–61.
65. Perry MA (2007) Is bioarchaeology a handmaiden to history? Developing a
historical bioarchaeology. Journal of Anthropological Archaeology 26: 486–515.
66. Schoeninger MJ, DeNiro MJ (1984) Nitrogen and carbon isotopic composition
of bone collagen from marine and terrestrial animals. Geochim Cosmochim
Acta 48: 625–639.
67. Bailey M (1998) Peasant Welfare in England, 1290-1348. Econ Hist Rev 51:
223–251.
68. Childs WR (2006) Moving around. In: Horrox R, Ormrod WM, editors. A
social history of England 1200–1500. Cambridge: Cambrige University Press.
pp. 260–275.
69. Kowaleski M (1988) The history of urban families in medieval England. J Mediev
Hist 14: 47–63.
70. Benedictow OJ (2004) The Black Death, 1346–1353: the complete history.
Woodbridge, UK: Boydell Press.
Post-Black Death Mortality and Survival
PLOS ONE | www.plosone.org 8 May 2014 | Volume 9 | Issue 5 | e96513
Copyright of PLoS ONE is the property of Public Library of Science and its content may not
be copied or emailed to multiple sites or posted to a listserv without the copyright holder's
express written permission. However, users may print, download, or email articles for
individual use.
